The aim of this study is to evaluate the impact of factors such as cutting speed, feed rate, and depth of cut on surface roughness and Material Removed Rate (MRR) when machining in dry face milling AISI 1040 steel with coated carbide inserts GC1030 using the response surface methodology (RSM). For this purpose, a number of machining experiments based on statistical three-factor and three-level factorial experiment designs, completed (L27) with a statistical analysis of variance (ANOVA), were performed in order to develop mathematical models and to identify the significant factors of these technological parameters. Multi-objective optimization procedure for minimizing Ra, Ry and Rz and maximizing MRR using desirability approach has been also implementented. The current study was also carried out to investigate the tool life of the inserts. The models found the relationship between the cutting parameters (Vc, fz and ap) and the studied technological parameters. It has been found that the cutting speed was the most affecting surface roughness which is due to the geometry of the insert which has a scraping edge and enables to obtain low roughness even at important feed rate, followed by the feed rate and the depth of cut at the end. The optimal combination of cutting parameters were cutting speed of 314 m/min, feed rate of 0.16 mm/tooth and depth of cut of 0.6 mm with a composite desirability of 0.924.
Introduction
The surface roughness is one of the important performance index. It is also considered as the most useful technological parameters due to its relation to many other mechanical properties such as tool life, capacity of adjustment, wear resistance and tightness Meddour et al., 2015; Bouacha et al., 2014; Panda et al., 2016) . Therefore, surface defects play a crucial role in the ability of the part to perform a particular function (Fnides et al., 2013; Bhuyan & Routara, 2016) . These defects have either geometrical and/or physico-chemical nature. In the present paper, only the geometrical defects are concerned. In the optimization study of the surface roughness, for the case of face milling of an aluminum alloy mold 6061 -T6 with coated carbide inserts, Kadirgama et al. (2009) found that the RSM was an effective technique for the trends of the surface roughness analysis with respect to different combinations of cutting parameters (cutting speed, feed per tooth, axial and radial depth of cut).
The optimal parameters that could give a good surface in end milling of titanium alloys using the design method of Taguchi has been evaluated by Khairi et al. (2010) ; the authors used the analysis of variance (ANOVA) for identifying the significant factors affecting roughness. They found that the most significant factors affecting the surface roughness were mainly the cutting speed (Vc), followed by the type of the tool used, the feed rate (fz) and lastly, the depth of cut (ap). Doniavi et al. (2007) proved that the application of the analysis of variance (ANOVA) showed that the feed rate and cutting speed were the most significant factors on the roughness contrary to the depth of cut. The authors used the response surface methodology (RSM) to develop an empirical model for the prediction of the roughness by choosing the optimum cutting conditions in hard turning. RSM has been used by Oktem et al. (2005) to create an efficient analytical model for surface roughness in terms of cutting parameters: feed rate, cutting speed, axial depth of cut, radial depth of cut and machining tolerance.
Many of other researchers (Kevin et al., 2003; Huang et al., 2001 ) used the technique of multiple linear regressions to develop a comprehensive empirical model of roughness taking into account several factors such as the feed rate, the hardness of the workpiece, the depth of cut, the cutting speed and their interactions. Recently, Keblouti et al. (2016) analyzed and optimized the influence of coating material of cutting tool and machining parameters on surface roughness, in dry turning of AISI 52100 steel. It is observed that a lower surface roughness value is achieved using the PVD (TiCN/TiN) coated insert compared to the uncoated tool. Aouici et al. (2016) investigated and analyzed the surface roughness of different cutting materials in machining AISI H11. The ANOVA result confirmed that multiple linear regression models predict the surface roughness parameter with a confidence level of 95%. John (2013) used desirability approach to optimize the advantage characteristics of carbonitrided bushes. The results proved that the optimum combination was found through the use of different methods. Mohapatraa et al. (2017) used two multi objective optimization methods for MRR and surface quality comparison of optimization techniques for MRR and surface roughness in the wire EDM process for gear cutting. He investigated the comparison of the wire EDM phenomenon using the Taguchi quality loss function and the hybrid optimization method. Tebassi et al. (2016) studied how to optimize surface quality, cutting forces and productivity when machining Inconel 718. RSM Box-Cox profiles have been investigated to find mathematical models followed by a desirability approach to optimize Ra, cutting forces, fz and ap.
In the current study, different combinations of material-process and tool have been investigated with the integration of the wear analysis. It intends to study the impact of machining conditions on the surface roughness based on the methodology of response surface for face milling of the AISI 1040 steel with coated carbide insert. Multi-objective optimization procedure allowed minimizing Ra, Ry and Rz and maximizing MRR using desirability approach has been also approved and the tool life of the inserts were calculated.
Experimental procedures

Equipments and materials
In this study, the machining experimental tests are performed under dry conditions using a vertical milling machine (FV 1.5) of the company PMO (Almo) running at 5 KW. The workpiece material used in this investigation is a commercially available AISI 1040 steel grade with the following dimensions: 405mm X 73mm X 73mm. equivalent with the nuance C35 (NF EN 10027-1) at a better aptitude for the heat treatments. As for parts, they are fairly subjected to shocks and requiring good resistance, they were: gears, endless screw, axes, pinions, nuts and bolts, forging mill (levers, Arbors......). The chemical composition and mechanical properties are given respectively in Table 1 and  Table 2 . (Fig. 1 ). This insert presents first choice in end milling and for sticky materials, e.g. low-carbon steel.
The milling cutter used in this experiment was a CoroMill 245 cutter which has a capacity for 5 inserts designed and provided by Sandvik Coromant (R245-100Q32-12L). Fig. 1 shows the geometry of the cutting inserts and the milling cutter used for all experiments.
A 2D roughness meter Sj-201p (Mitutoyo) was selected to measure surface roughness criteria (Ra: The arithmetic average roughness, Ry: The total roughness and Rz: height of irregularities). It consisted of a diamond point (probe) with a 5 μm radius and moves linearly on the working surface. The length examined was 4.0 mm with a basic cut-off of 0.8 mm, these measurements were repeated three times. The average value of these results was calculated. All roughness measurements have been obtained directly on the tool machine without disassembling the workpiece. On the other hand the analysis of the surface roughness was done using both profiles and 3D topographies of the generated surfaces (Alti surf 500). (See Fig. 1 ).
For the wear tests, the cutting speed Vc and the feed rate fz have been considered as the parameters showing more influence on this phenomenon (Patel et al., 2006; Richetti et al., 2004; Da Silvaa et al., 2011; Aouici et al., 2014) . For lows and intermediates cutting speed and feed rate, the wear occurs at a much longer length of cut corresponding of 120000 mm (300 machining pass). Subsequently, it was important to take severe cutting conditions, such as Vc = 439.6 m/min (n = 1400 rpm); fz = 0.114 mm/tooth (Vf = 800 mm/min); ap = 0.6 mm. The tool life rejection criterion was flank wear, VB = 0.3 mm. Flank wear was measured at various intervals at the end of each pass (i.e., after cutting tool moves along a complete length of a workpiece). Relevant images of the worn tools were selected and captured with the microscope (Standard gage-Visual 250) equipped with (Visual Gage 2.2.0) software (Fig. 1) . 
Experiment design
Cutting experiments are planned using statistical three-level full factorial experimental design and conducted considering three cutting parameters: cutting speed (Vc), feed rate (fz), depth of cut (ap). Overall 33 = 27 tests are carried out. Low-middle-high level of cutting parameters in cutting space for three-level full factorial experimental design is shown in Table 3 . 
Response surface methodology
The response surface methodology (RSM) (Bouzid et al., 2014a; Aouici et al., 2014; Hessainia et al., 2015; Bhaumik & Maity, 2017; Nayak et al., 2017) is both a statistical and a mathematical technique that is useful for modeling and analyzing problems in which responses can be affected by several variables.
ANOVA tables show the DF, SS, MS, F-VAL, P-VAL in addition to the percentage contribution of each factor and the coefficients of regression mathematical models estimated for Ra, Ry, Rz criteria and MRR, the aim is to analyze the main effect as well as the interactions (Fnides et al., 2009 ). To calculate constants and coefficients of mathematical models, the Minitab software has been used and characterized by the Analysis of Variance: ANOVA, multiple regression and Response Surface Methodology (RSM). In the current study, the relationship between the cutting conditions and the technology parameters is given by Eq. (1).
where Y is the desired machinability (roughness, forces, etc.) and ϕ is the response function. The approximation of Y is proposed by using a General Regression with interaction terms, which is suitable for studying the main effects of process parameters on machinability characteristics.
Results and discussion
In Table 4 , the experimental values of different criteria surface roughness (Ra, Ry, and Rz) and the Material Removed Rate are shown. These values were obtained by using various combinations of elements of the cutting regime elements (cutting speed, feed per tooth and depth of cut) according to 33 full factorial design. Tables (5-7 ). These numbers show that the cutting speed (Vc) is the most influential factor on the surface roughness followed by the feed rate (fz) and finally the depth of cut (ap) with a negligible contribution.The contribution of (Vc) on Ra, Ry and Rz are respectively 96.05%, 86.75% and 92.21%, for feed per tooth (fz) it was 1.5%, 3.52% and 1.88%, finally the depth of cut (ap) with contributions of 0.10%, 0.95% and 0.49%. We have noted, on the contrary, of what is known that the effect of the cutting speed is superior to the feed rate, which is due to the geometry of the insert which has a scraping edge, which enables to obtain low roughness even at important feed rate, as Khairi et al. (2010) had found. The contributions of interactions (Vc×fz, Vc×ap and fz×ap) are respectively (0.032%, 0.012%, 0.026%), (1.21%, 0.34%, 0.25%) and (0.32%, 0.13%, 0.19%) on Ra, Ry and Rz. The main effect diagram shows that the cutting speed has the most influential factor on the criteria surface roughness Ra since it has the greatest slope, followed by the feed per tooth and finally the effect of depth of cut does not have a significant impact compared to cutting speed and feed (Fig. 2a) . It is clear from Fig. 2b that interactions diagrams of cutting parameters have no significant effects on criteria surface roughness (Ra) because the lines do not intersect. 
Analysis of variance (ANOVA) for MRR
The Material Removed Rate in milling operations is the volume of material/metal that is removed per unit time in mm3/min. The study of this parameter is important: the goal is to manufacture low cost, high quality products in short time (Fnides et al., 2013; Bouzid et al., 2014a) . The value of Material Removed Rate was calculated by the following Eq. (2). (Fig. 2c) . Fig. 2d shows the interaction plot of cutting parameters for MRR.
Modeling of Ra, Ry, Rz and MRR
Regression analysis is used to investigate and model the relationship between a response variable and one or more predictors. RSM is a combination of mathematical and statistical techniques which is useful for the modeling and analysis of the problem. It determines the suitable approximation for the true functional relationship between the response and the set of independent variables (Myers et al., 2002) and it is commonly approximated by polynomial functions where models are obtained by conducting small number of experiments using design of experiment (Sahoo et al., 2014) . According to Hessainia et al. (2013) ; Bouzid et al. (2014b) , the correlations between the factors and the performance measures were modeled by linear regressions. Mathematical models were developed using the multiple regression method. Ra 
These equations can be used to calculate the Ra and MRR from cutting parameters. For Residuals plot for Ra: normal probability plot, A Histogram of the Residuals, Residuals Versus Fitted Values and Residuals Versus Order of Data are represented respectively in Fig. 3a, Fig. 3b , Fig. 3c and Fig. 3d . We notice a goodness of model fit in regression and ANOVA and the normality assumption is valid.
Finally, the curves in Figs. (4-5) are used to compare the predicted values (provided by the model) of the criteria surface roughness Ra, and Material Removed Rate with the experimental values in order to evaluate the fit of the model. The analysis showed a good correlation between the two curves (Sahoo et al., 2014) . The experimental and predicted values are very close to each other. Thus, the developed mathematical models can effectively be utilized for prediction of surface roughness. 
Response surface and contour plots of Ra and MRR
RSM determines the suitable approximation for the true functional relationship between the response and the set of independent variables (Barua et al., 2010) . The 3D response surface (Fig. 6) shows that the increase in the cutting speed decreases the criteria surface roughness Ra by increasing against the feed per tooth and increasing the surface roughness. Depth of cut has a small influence. Therefore, the better roughness are obtained by applying a low feed per tooth and a high cutting speed. These figures were obtained using response surface methodology according to their mathematical models. On the other hand, contour graphs (Fig. 7) allow visualizing the response surface and establishing the response values. It shows the relationship between a responses value (Ra) and the factors (Vc, fz and ap) from a model equation. The points having the same response are joined to generate the contour lines of constant responses.The (3D) response surface plot of the Material Removed Rate MRR according to the factors of the experiment is shown in Fig. 8 . This figure shows that the slope of the feed per tooth (fz) and the cutting speed (Vc) are higher, implying that these factors have an important influence on the Material Removed Rate followed by the depth of cut (ap). On the other hand, the contour graphs (Fig. 9 ) allow visualizing the response surface and establishing the response values. 
Multi-response optimization using desirability approach
Optimization methods have to be used to obtain the optimum machining conditions for milling operations using surface roughness and Material Removed Rate as responses. During the optimization process, the aim is to minimize the criteria surface roughness Ra, Rz and Ry and Maximize the MRR. The desirability approach is a popular method that assigns a "score" to a set of responses and chooses factor settings that maximize that score and it is an objective function that ranges from zero outside of the limits of one at the goal. The numerical optimization finds a point that maximizes the desirability function. The characteristics of a goal may be altered by adjusting the weight or importance. For several responses and factors, all goals get combined into one desirability function (Aman et al., 2008) . To resolve this type of parameter design problem, an objective function, F(x), is defined as follows Eq. (7) (Myers et al., 2002; Bouzid et al., 2014a; Routara et al., 2009) .
where di is the desirability defined for the i th targeted output and wi is the weighting of di. For various goals of each targeted output, the desirability di can be defined in different forms. The constraints used during the optimization process are summarized in Table 9 . The optimal solutions are reported in Table 10 in order to decrease the desirability level. Fig. 10 and Table 10 show the optimization results. Values of optimal cutting parameters are found to be as follows: Vc = 314/min, fz = 0.16 mm/tooth and ap = 0.6 mm. The optimized criteria surface roughness and Material Removed Rate are as follows: Ra = 0.709548, Ry = 3.79162, Rz = 3.69408 µm and MRR = 32804.9 mm 3 /min. Figs. 11, 12 and 13 present respectively the contour plot, response surface and the bar graph of composite desirability for the cutting conditions and the responses together with a combined desirability = 0.924. 
Flank wear effect on cutting length and roughness
Fig. 14 shows the evolution of the flank wear (VB) and the maximum flank wear (VBmax) according to the cutting length Lc. The value of wear shown in the curve is the average of the five cutting inserts. The results obtained show that the wear goes through three steps. In the first step the flank wear is relatively accelerated, reaching VB = 0.147 mm for a cutting length Lc =6684 mm (501 sec); this is explained by the first commissioning of cutting tool, which favors the coating removal and elimination of the asperities at the cutting edges. The second step is the normal wear period, during which the tool travels a total cutting length Lc =29960 mm (2247 sec), it reaches a wear VB = 0.32 mm. Beyond this point, the temperature in the contact area of the active portion will increase more and more, which promotes the acceleration of the wear mechanism until VBmax=0.72 mm with Lc = 34000 mm (2551 Sec). Therefore, the tool loses its cutting qualities then its change becomes indispensable. The tool wear behaviors were also pointed out by Khrais et al. (2007) . Excellent scraping edge -line gives it a greater resistance to wear. In the first zone, the results of the Fig. 15 show a significant increase in the surface roughness Ra of the order of 0.6 µm, for a flank wear (VB = 0.147 mm) after a cutting length Lc = 6684 mm (501 Sec). In the second zone corresponding to the normal wear phase, there has been a certain stability of the roughness Ra, which is of the order of 0.75 µm with a flank wear VB = 0.32 mm, after a total cutting length Lc = 29960 mm (2247 Sec), this can be explained by the built up edge on the cutting inserts increasing the curvature radius of the cutting edge and then minimize the depth of the furrows dug on the Vc, m/min fz, mm/tooth Combined MRR machined surface that improves the surface roughness, the furrows are deeper and broader as the feed rate increases. The Fig. 16 illustrates the morphology of the flank wear from one of cutting inserts at different states. To visualize the furrows, a representative example of 3D image of milling surface is envisioned by means of isometric view Fig. 17 . In the third zone, which begins from VB = 0.32 mm is noted that the roughness takes an upward curve again after a certain stability. We noted that until VBmax = 0.6 mm, the surface roughness Ra < 0.7 µm . 
Conclusions
The face milling tests of the AISI 1040 steel, using the coated carbide insert GC1030 has been investigated in order to develop statistical models of surface roughness criteria. These models were obtained using multiple linear regression and response surface methodology. The evaluation of coefficients of determination and mathematical models allowed us the examination of the influence degree of the various cutting parameters (cutting speed, feed per tooth and depth of cut) on different roughness criteria (Ra, Ry, Rz) and on the Material Removed Rate during the face milling process.
From the results and the analysis obtained, it can be concluded that the: 1) Cutting speed (Vc) has a significant impact on various criteria roughness studied (Ry, Rz and Ra) with contributions of 95.51%, 86.74% et 92.20% respectively, this is due to the geometry of the insert which has a scrapping edge which enables to obtain low roughness even at important feed rate. 2) Cutting speed (Vc) and the feed per tooth (fz) are the most influential parameters on the Material Removed Rate with a contribution of 30.76% followed by depth of cut with 17.94%.
3) The analysis of the results shows that the mathematical model of the Material Removed Rate was the most representative model because its coefficient of determination R 2 was 98.53%, followed by the model of Ra with R 2 of 97.67%, followed by the model Ry with 95.23% and Rz was the last model with 93.15%. 4) The experimental and predicted values were very close to each other; the developed mathematical models could be effectively utilized in face milling. 5) Based on the response surface optimization and the composite desirability method of RSM, the optimal cutting parameters of AISI 1040 steel with coated carbide tool have beeb found to be as follows: Vc = 314 m/min, fz = 0.16 mm/tooth and ap = 0.6 mm. The optimized responses are Ra = 0.709548, Ry = 3.79162, Rz = 3.69408 µm and MRR = 32804.9 mm 3 /min, with a composite desirability of 0.924. 6) At Vc = 439.6 m/min, fz = 0.114 mm/tooth and ap = 0.6 mm. The tool life of the insert is 2247 sec with total cutting length Lc =29960 mm. 7) We noted that until VBmax = 0.6 mm, the surface roughness Ra < 0.7 µm
